Abstract. In this paper, we present the current status of our heterodyne interferometer with demonstrated noise levels below 5 pm/√Hz in translation and below 10 nrad/√Hz in tilt measurement, both for frequencies above 10 -2 Hz. The interferometer, based on a highly symmetric design where reference and measurement beam have the same frequency and polarization, utilizes intensity stabilization and phaselock of the heterodyne frequency. Currently, we develop a new enhanced interferometer setup based on a mechanically and thermally highly stable glass ceramic. While the interferometer was developed with respect to the specific requirements of the LISA (Laser Interferometer Space Antenna) space mission, it is also the basis for applications in highprecision dilatometry and industrial metrology. We present a prototype dilatometer with which we measured the coefficient of thermal expansion (CTE) of carbon-fiber reinforced plastic (CFRP) with an accuracy below 10 -7 /K. For surface property measurements, we develop an actuation of the measurement beam over the surface under investigation.
Introduction
High-precision metrology is needed in many industrial applications such as nanopositioning control, surface property measurements and 3D profilometry. It is also the basis for future space missions such as LISA (Laser Interferometer Space Antenna) where the relative position and tilt of a free flying proof mass with respect to its corresponding optical bench must be measured with picometer sensitivity in translation measurement and with nanoradian sensitivity in tilt measurement. Both fields of application demand for compact and robust optical sensors and actuators. Therefore, technology development for industrial applications can benefit from work already done with respect to space science.
Astrium GmbH, Satellites -in collaboration with the Humboldt-University Berlin and the University of Applied Sciences Konstanz (HTWG) -developed a heterodyne interferometer as a possible optical readout of the LISA gravitational reference sensor. With the interferometer prototype noise levels below 5 pm/√Hz in translation and below 10 nrad/√Hz in tilt measurement were demonstrated in lab experiments.
In a current activity, the interferometer is used as basis for ppb dilatometry measuring the linear coefficient of thermal expansion (CTE) of ultra-stable materials such as carbon-fiber reinforced plastic (CFRP) or Zerodur. This is of special interest as CFRP is the baseline material for the LISA telescope spacer where the CTE must be smaller 2·10 -7 /K. In this paper, we also highlight the interferometer's adaptation for industrial metrology. The sensor -as it is -can be used for nanopositioning control. For surface property measurements (such as roughness, evenness), a scan of the interferometer's measurement beam over the surface under investigation is necessary. We therefore develop a high-precision and low-noise (< 0.1 nm/√Hz) actuator which will be realized by use of micro-system technology. We will give an overview over current activities and first experimental realizations.
For space science needs, we develop a compact and quasi-monolithic setup of the interferometer where the baseplate is made out of a thermally stable ultra-low expansion glass material as e. g. Zerodur. The optical components are made out of fused silica and either glued to the baseplate or connected to it via hydroxide-catalysis bonding. This setup should enable the low frequency performance (down to 0.05 mHz) required for LISA and also represents the basis for a very compact and robust optical sensor head suited for use in industrial environment.
Interferometer Setup
The interferometer is based on a highly symmetric design, where reference and measurement beam have the same frequency and polarization [1] [2] [3] [4] . Also, care is taken, that both beams have similar pathlengths, especially inside optical materials. The heterodyne frequency generation part -mainly consisting of a Nd:YAG laser at a wavelength of 1064 nm and two acousto-optic modulators (AOMs) generating the heterodyne frequency of 10 kHz -is set up on a standard optical table using commercial optics. The interferometer board is placed inside a vacuum chamber (with pressures below 10 -4 mbar) in order to minimize changes in optical pathlengths due to air fluctuations and providing a better temperature stability of the interferometer board. Both parts are connected via optical fibers.
A schematic of the interferometer board inside the vacuum chamber is shown in Fig. 1 ; the photodiodes PD1 and PD2 are used for intensity stabilization, PD3 for phaselock of the heterodyne signal to an externally generated 10 kHz signal. For noise characterization, measurement and reference mirror are realized by one fixed mirror.
Signals at the heterodyne frequency are generated on two quadrant photodiodes (QPD1 and QPD2 in Fig. 1 ) where the phase difference between the two sum signals yields to the translation measurement. By comparing the phases between opposing halves of one quadrant photodiode a tilt of the corresponding mirror can be measured (differential wavefront sensing, DWS [5, 6] ). In our experiment, the phase measurement is carried out by use of a digital in-quadrature phasemeter based on a Field Programmable Gate Array (FPGA) programmed under LabView. 
Miniaturized Interferometer Setup
In order to further improve the mechanical and thermal stability of the interferometer we are developing an interferometer setup using a baseplate made of Zerodur, a glass ceramic with a very low coefficient of thermal expansion of 2·10 -8 /K. The optical components are made of fused silica and either connected to the baseplate via hydroxide-catalysis bonding [7] or two-epoxy adhesive. First tests on the bonding technology were carried out on a test board, where the long-term stability of the bond was verified by use of our interferometer revealing no difference between hydroxidecatalysis bonding and two-epoxy adhesive. The test board is shown in Fig. 2 .
With this setup, we hope to further reduce the interferometer noise at lower frequencies (< 0.1 mHz). It is also the first step to a future space qualifiable setup and the basis for a sensor head used in industrial environment; cf. the profilometer setup below. 
High-Resolution Dilatometry
Based on the interferometer presented above, we developed a dilatometer for characterizing the dimensional stability of ultra-stable materials [8, 9] . The schematic of our measurement is shown in Fig. 3 , right. The measurement mirror is clamped in the upper end of a tube made of the material under investigation, the reference mirror in its lower end. The tube itself is placed inside a radiative heating/cooling where different thermal cycling functions (step function, sine and square waves) can be applied. The interferometer measures a change in distance between the two mirrors with sub-nm resolution, where the CTE can then be calculated via
Here, ∆T is the change in temperature measured at the tube, ∆L the interferometrically measured elongation/contraction of the tube and L the length of the tube.
The mirror mounts are made of Invar36, an alloy with a very low CTE of 1.8·10 -6 /K, and specifically designed in order not to influence the measurement. With this setup, we characterized a 12 cm long carbon-fiber reinforced plastic (CFRP) tube. Different data evaluation methods (based on power spectral density, hysteresis curve, sine and square wave curve fitting) were carried out and compared [8] . Using the DWS signals, we measured the tilt of the tube and corrected the measured translation signals. The measured CTE value of about -6.1·10 -7 /K corresponds very well with its theoretical value of -6.47·10 -7 /K. In a next step we work together with the manufacturing company in order to develop a CFRP tube with a CTE below -1·10 -8 /K. We will also characterize our measurement facility by measuring the (well known) CTE of a tube made by Zerodur.
A measurement of a specifically designed CFRP tube is shown in Fig. 4 . Here, a 2 h sine thermal cycling is applied to a ~ 6 cm long CFRP tube. The temperature at the tube is (30±4.5)°C resulting in a measured CTE of approximately -(3.1±0.1)·10 -7 /K. Fig. 3 . Left: Photograph of the interferometer with implemented tube mount and heating system (coverd by multi-layer insulation, MLI). Right: Schematic of the interferometric CTE measurement.
Figures taken from [9] Fig. 4. CTE measurement of a CFRP tube. A 2 h sine thermal cycling was applied to a CFRP tube and its expansion / contraction was measured using the heterodyne interferometer
Interferometer Adaptation for Profilometry
The interferometer as detailed above measures translation and tilt at one single spot and can be used for nanopositioning control. For surface property measurements such as roughness, evenness and roundness, a scan of the measurement beam over the surface under investigation is needed. Currently, we are developing a high-precision and a low-noise actuator where in a first step the test surface is actuated. We also investigate an actuation of the measurement beam by an electro-static actuator based on micro-machining of silicon structures. Here, special care has to be taken on the beam reflected by the surface as problems might occur due to limited reflectivity and non-normal angle. A lens focusing the measurement beam on the test surface will increase the lateral resolution. The limited dynamic range of the actuator might be overcome by a combination of the optical sensor with a three axes coordinate measuring machine which offers a dynamic range up to several meters.
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Conclusion
In this paper, we presented the current status of our heterodyne interferometer as well as its application to high-precision dilatometry and industrial metrology. The interferometer itself has demonstrated noise levels below 5 pm/√Hz in translation measurement and below 10 nrad/√Hz in tilt measurement, both for frequencies above 10 mHz. The interferometer was used as the basis for a dilatometer where the CTE of mechanically and thermally highly stable materials such as CFRP and Zerodur was measured with an accuracy better 10 -7 /K. Also, we have shown the adaptation of the interferometer for industrial metrology where we implement a low-noise actuator enabling surface property measurements. In a first step, we actuated the sample by a PZT actuator in x and y directions and at the same time investigate an actuation of the measurement beam by a micro-machined electro-static tilt mirror.
A new enhanced quasi-monolithic interferometer setup will be realized where the baseplate is made out of Zerodur. Current foci are the development and characterization of the bonding technique and the analysis and design of necessary adjustment tools.
